The molecular dynamics of pyrazine after excitation to the S 2 electronic state is investigated using the S 2 absorption spectrum as a benchmark. We first present a realistic model Hamiltonian including all 24 vibrational modes of the pyrazine molecule. Using this model, we determined the potential energy surfaces of the lowest two excited states, S 1 and S 2 , which are strongly coupled to each other. We then treated the nuclear motion of all 24 vibrational modes using the multiconfiguration time-dependent Hartree ͑MCTDH͒ wave packet propagation method. This method obtains results of good accuracy with acceptable computational effort for such a large system. The calculated spectrum is in good agreement with the experimental one. Furthermore, our results shed light on the role of the 20 modes which are only weakly coupled to the system, and demonstrate that essential physical features, such as symmetries, have to be considered when one wants to treat the molecular dynamics of pyrazine realistically.
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I. INTRODUCTION
The photophysics of pyrazine has attracted considerable interest over the past years as it provides an insight into the molecular dynamics. Concerning the experimental side, the electronic excitation from the ground state S 0 to the S 1 (,*) and S 2 (n,*) states has been accurately determined. 1, 2 An interesting feature of the spectrum is that while excitation to the S 1 state yields a set of discrete lines, excitation to the S 2 state results in a broad band with little structure, indicating fast relaxation. This is mainly due to the existence of a conical intersection between the two excited states leading to fast intramolecular vibrational energy transfer. 3 Previous theoretical investigations could qualitatively well determine the S 1 absorption spectrum. 4, 5 To reproduce the broad S 2 absorption spectrum, a model consisting of 4 vibrational modes was investigated. 4 This was found to give the essential dynamics of the system, and convoluting the computed spectrum with a broad Lorentzian yielded good agreement with the experiment. The convolution procedure was rationalized as the phenomenological inclusion of the effect of the 20 remaining vibrational modes, which influence the dynamics like a weakly coupled heat bath.
The next step was the investigation of a model where the 20 so far neglected modes were explicitly included as a simple oscillator heat bath. 6, 7 The desired fast relaxation was achieved but the proper physics could not be obtained, and the absorption spectrum could not be reproduced. This is a consequence of the heat bath model adopted, which does not reproduce the features of the true pyrazine molecule. A more realistic model Hamiltonian was recently presented by Stock et al. 5 However, it treats the intrastate coupling of the electronic states, S 1 and S 2 , in a more detailed manner than the interstate coupling. In this article, we therefore refine this model to achieve a realistic and balanced treatment of all 24 vibrational modes.
In the following, we begin by setting up the new model. First, the refined model Hamiltonian is developed, and then we present the results of the ab initio calculations which determine the potential energy surfaces of the S 1 and the S 2 electronic states. We then proceed to present the spectra obtained from multiconfiguration time-dependent Hartree ͑MCTDH͒ calculations of the nuclear dynamics on these surfaces, treating all 24 modes explicitly. Finally, we close this article with a discussion of our results. A unit system with បϭ1 is assumed throughout.
II. MODEL HAMILTONIAN
The lowest two excited electronic states of pyrazine, S 1 and S 2 , are close in energy and are vibronically coupled to each other. Earlier calculations of the pyrazine spectra 4, [8] [9] [10] [11] used the model Hamiltonian developed by Köppel et al. 3, 12 for a system of vibrational modes with a set of coupled states. In this model the nuclear coordinates are conveniently taken as the mass-weighted ground-state normal modes with the ground-state equilibrium geometry at Q 0 ϭ0, where Q is the vector of all vibrational nuclear coordinates. The electronic states are described using a diabatic basis, which coincides with the adiabatic ones at Q 0 .
Expanding the matrix elements of the electronic Hamiltonian in the diabatic basis around Q 0 to first order in the various normal modes, and neglecting all modes which couple only weakly, yields, together with the ground-state harmonic potential, the above-mentioned 4-mode model system. The coefficients of this model were determined by multireference-configuration-interaction ͑MRCI͒ ab initio calculations. 4 On this basis, the molecular dynamics were successfully investigated and the pyrazine S 1 and S 2 absorption spectra qualitatively well determined. Since for the latter the inclusion of a strong phenomenological broadening was necessary, the 4-mode model was extended by Krempl et al. 6 to include a 20-mode heat bath. The heat bath was modeled in a simple way, 20 harmonic oscillators were added with equally spaced frequencies spanning the range of frequencies covered by the real pyrazine ground-state normal modes. These oscillators were weakly coupled by first-order terms, and the coupling constants were randomly chosen. This model, however, does not have the symmetry of the pyrazine molecule, and the S 2 absorption spectrum could not be reproduced. 6 A further refinement of the model was made by Stock et al. 5 Based on complete-active-space self-consistent-field ͑CASSCF͒ and MRCI ab initio calculations, they included the 7 most relevant vibrational modes. The intrastate couplings were expanded up to second order, while the expansion of the interstate couplings was restricted to first order. The refined model obeys the proper symmetry of the pyrazine molecule, and the S 1 and S 2 absorption spectra were well reproduced, but for the latter a strong artificial broadening again had to be included.
Our aim is to proceed in this direction. Following Ref.
3 we set up a model Hamiltonian of correct symmetry which consists of terms up to second order for both the on-and the off-diagonal matrix elements. 13, 14 The pyrazine molecule has the point group D 2h , the S 1 state has the symmetry B 3u , while the S 2 state has the symmetry B 2u . An expansion coefficient coupling the two electronic states is only nonzero if the corresponding vibrational mode ͑for linear coupling͒ or the product of the two vibrational modes ͑for bilinear coupling͒ is of symmetry B 1g . Similarly, an expansion coefficient which involves only a single state with itself leads to intrastate coupling, and is only nonzero if the corresponding vibrational mode ͑for linear coupling͒ or the product of the vibrational modes ͑for bilinear and quadratic coupling͒ is of symmetry A g . Keeping terms up to second order we obtain
The first term represents the ground-state Hamiltonian in the harmonic approximation where i denotes the ground-state vibrational frequency of the ith normal mode, and Q i is the corresponding dimensionless normal-mode coordinate
The next term is the matrix of state energies, the difference in energy between the two states at Q 0 being 2⌬. The second sum denotes the linear on-diagonal expansion terms, and G 1 is the set of modes having A g symmetry. The third sum contains quadratic and bilinear ondiagonal terms, so G 2 is the set of all pairs of modes with identical symmetry ͑e.g., B 2g ϫB 2g ͒. The fourth sum is actually a single term, since only one mode has B 1g symmetry and thus linearly couples the S 1 and the S 2 states. Using the nomenclature from Innes et al. 
III. AB INITIO CALCULATIONS
A. Methods
The most comprehensive ab initio calculations of the S 1 and S 2 potential energy surfaces ͑PESs͒ to date have been made by Stock et al. 5 Since we have refined their model, i.e., bilinear off-diagonal couplings have been introduced ͓cf. Eq. ͑1͔͒, new calculations were performed to determine the pending coefficients.
Following Stock et al. 5 we optimized the ground-state equilibrium geometry at the second-order Mo "ller-Plesset perturbation level of theory ͑MP2͒ using the GAUSSIAN 94™ package. 15 A double-zeta basis set with polarization was employed (D95**). 16 For the S 0 surface in the vicinity of the equilibrium geometry, the MP2 treatment was shown to be adequate 5 for providing rather accurate geometry parameters and vibrational frequencies for pyrazine. The molecule was taken to lie in the y,z plane, with the z axis going through the nitrogen atoms.
To determine the S 1 and S 2 PESs in the vicinity of the origin, we used the single-excitation configuration interaction method ͑CI single, CIS͒. 17 Again, we employed a double-zeta basis set with polarization.
A GAUSSIAN 94 CIS calculation yields analytic gradients and second derivatives of a selected adiabatic PES at a fixed point. Since the expressions for the adiabatic PESs of the first and the second excited states, S 1 and S 2 , are the eigenvalues of the diabatic potential energy matrix ͓cf. Eq. ͑1͔͒, the on-diagonal linear coupling constants, a i and b i , and almost all on-diagonal quadratic coupling constants, a i, j and b i, j ͓(i, j) ( 10a , 10a )͔, are obtained from two calculations at the ground-state equilibrium Qϭ0. To determine the other coefficients we partially expanded the adiabatic PESs up to fourth order. The corresponding adiabatic expansion coefficients were obtained by scanning along the vibrational mode 10a , followed by a least-squares fit of the data. Expanding the eigenvalues of the diabatic potential energy matrix we then obtained a set of equations where the remaining coefficients c 10a , a 10a , 10a , b 10a , 10a , and c i, j are related to the adiabatic expansion coefficients. This set of equations was sufficient to determine the relevant diabatic coefficients. The corresponding formulas are given in the Appendix.
B. Results
The harmonic vibrational frequencies of pyrazine determined at the MP2 and Hartree-Fock ͑HF͒ levels are given in Table I . The nomenclature from Innes et al. 2 is used for the presentation. Comparing the MP2 frequencies with the experimental fundamental frequencies shows that, except for the C-H stretch modes for which anharmonic corrections are significant, the agreement is very good. This is also reported in Ref. 5 , and in fact the MP2 results given there are almost the same. The ground-state normal coordinates can therefore be assumed to be reliable to the same degree. The linear coupling constants, a i and b i , for the 5 totally symmetric modes have been calculated in Ref. 4 at the CASSCF and MRCI levels, respectively. These data are reproduced in Table II together with the data from our CIS calculations. It shows that the deviations of the CIS data from the MRCI data are quantitatively the same as the corresponding deviations of the CASSCF data.
In Ref. 4 the linear vibronic constant c 10a as well as the quadratic coupling constants a 10a , 10a and b 10a , 10a have been obtained at the MRCI level. We obtained for these quantities at the CIS level: c 10a ϭ0.2080 ͑0.1825͒ eV and a 10a , 10a ϭb 10a , 10a ϭϪ0.0116 ͑Ϫ0.0172͒ eV. The corresponding MRCI values are given in parentheses, and comparison with our CIS results shows acceptable agreement.
The bilinear on-diagonal coupling constants, a i, j and b i, j , determined at the CIS level are collected in Table III . Since these constants correspond to the HF ground-state vibrational frequencies, we corrected them according to
where
and ã i, j ,b i, j denote the original CIS data. The HF groundstate vibrational frequencies are included in Table I , and the scaling factors x i can thus be taken from it.
Comparing the data of Table III with the CASSCF data we see that the values are of the same magnitude. The differences are not surprising since, as can be seen from Table  II , the linear on-diagonal CIS constants already differ somewhat from the corresponding CASSCF constants. Nevertheless, as can be seen from the comparison with the MRCI data, the linear constants are of the same quality, and we think that this is also the case for the bilinear on-diagonal constants.
The bilinear off-diagonal vibronic coupling constants, c i, j , determined at the CIS level are collected in Table IV . Since they were obtained by the use of higher-order derivatives of the adiabatic S 1 and S 2 potentials, their uncertainty is higher than for the bilinear on-diagonal coefficients. Nevertheless, the absolute values are of the same magnitude for both sets which is reasonable for a realistic model.
Although the CIS calculations are at a lower level of theory, the comparison with the corresponding MRCI/ CASSCF calculations shows that the PESs are quite reasonable. In particular for the linearly coupled totally symmetric modes ( 6a , 1 , 9a , 8a , 2 ) and the vibronic mode 10a the agreement is good. We note here that the effects of the bilinear off-diagonal couplings on the PESs are relatively small. Having gained confidence in the CIS results we proceed to the next step: the MCTDH treatment of the nuclear dynamics.
IV. MCTDH CALCULATION OF THE NUCLEAR WAVE PACKET DYNAMICS
A. The MCTDH approach
The multimode nuclear dynamics of a molecule can be very efficiently determined using the multiconfiguration time-dependent Hartree method. [18] [19] [20] The MCTDH approach has been presented in detail elsewhere, and only an outline will be given here.
The starting point is to write the wave function as a time-dependent multiconfigurational function of the coordinates, Q , of the f degrees of freedom, i.e.,
where the sum runs over all combinations of the n onedimensional basis functions j k () , known as ''single-particle functions'' ͑SPFs͒, and A j 1 j 2¯j f are the expansion coefficients. The second line introduces the multi-index J and the product basis J . The major feature of this ansatz is that not only the coefficients but also the basis functions are time dependent. There are n SPFs possible for the th degree of freedom, and these SPFs are represented by N primitive basis functions or grid points. The advantage of using MCTDH thus grows with increasing contraction efficiencies N /n . For multistate problems the wave function is usually chosen as an n-dimensional vector ⌿ϭ(⌿ 1 ,...,⌿ n )
T of wave functions 7, 21 where n is the number of electronic states involved and each single-state wave function ⌿ s (1рsрn) is represented according to Eq. ͑4͒:
Although the method has an enormous advantage over standard numerically exact propagation methods with respect to memory requirement and computation time, the number of degrees of freedom that can be handled is limited to about 10. For appropriate systems this number may be somewhat larger but the largest system investigated so far has 14 degrees of freedom. 7 To treat the full pyrazine Hamiltonian, i.e., 24 degrees of freedom, Worth et al. 22 have introduced another modification. The SPFs j ,s () need not necessarily be one dimensional and combining several degrees of freedom together can reduce both the memory requirement and the numerical effort enormously. Thereby the size of the A vector, which is the bottleneck in treating large systems, is decreased and this makes the investigation of a system like pyrazine feasible. Note that the combination procedure concerns the representation of the wave function and does not make use of special features of the Hamiltonian. A discussion of further details is given in Ref. 22 . The equations of motion for the coefficients A J,s and the SPFs j ,s () are rather complicated. In particular, they are nonlinear and coupled. For the sake of simplicity we omit their derivation and refer to the literature. 7, 19, 20, [22] [23] [24] Their integration was performed using the recently developed highly efficient constant mean field integration scheme of Beck and Meyer. 
B. Calculation of absorption spectra
The nuclear wave packet dynamics obtained by the MCTDH method are now used to calculate the S 2 absorption spectrum. The spectral density is given by a Fourier transform where
is the autocorrelation function of the initial ground-state nuclear wave function propagated on the excited electronic state͑s͒. The second expression for C(t) given in Eq. ͑6͒ holds for a real initial state and a symmetric Hamiltonian. We have ignored thereby the transition matrix element between the initial and the final electronic states, which is assumed to be constant.
In an experimental spectrum, the lines are broadened due to the resolution of the spectrometer. This effect can be added to calculated spectra by convoluting the spectral lines with a suitable peaked curve, which in the time-dependent picture is equivalent to damping the autocorrelation function by a time-dependent function. A possible choice is
where is an appropriate parameter. This leads to a Lorentzian broadening of the spectrum with a full width at halfmaximum ͑FWHM͒ of ⌫ϭ2/.
The experimental broadening of a spectrum alone leads to a rather large value of ͑Ϸ150-250 fs, ⌫ Ϸ5.3-8.8 meV͒. Using smaller values a further phenomenological broadening is introduced, which can be used to model the effect of a neglected external heat bath. The heat bath is then assumed to cause a fast relaxation of the system leading to a natural damping of the autocorrelation function. In this way the S 2 absorption spectrum of pyrazine was qualitatively well reproduced using the above-mentioned 4-mode model 4 and choosing ϭ30 fs. A further point is the finite propagation time which causes artefacts in the spectrum ͑known as the Gibbs phenomenon͒ due to taking the Fourier transform only over a finite time interval. This leads to a convolution of the spectrum with a sinc function, which has a FWHM of ⌫ ͓eV͔ ϭ2.5/T ͓fs͔. To reduce the effects of this truncation, the autocorrelation function is brought smoothly to zero at T by additionally multiplying it with
where T is the length of the propagation. This is equivalent to convoluting the spectrum with the Fourier transform of g(t), which in this case reads
and which yields a slightly larger FWHM, ⌫ ͓eV͔ ϭ3.4/T ͓fs͔, but a faster falloff at higher detunings .
V. RESULTS OF THE MCTDH CALCULATIONS
A. Further modifications of the parameter set
To obtain a realistic description of the nuclear dynamics of the pyrazine molecule, we used the experimental frequencies ͑cf. Table I͒ and the experimental value 2⌬ expt ϭ0.8460 eV (2⌬ CIS ϭ1.0202 eV) for the energy gap between the S 1 and the S 2 electronic states. Furthermore, some adjustments to the calculated parameters were made employing the following criteria.
͑1͒ The PESs are for bound states. Taking our parameter set, this is hardly fulfilled for the modes 4 and 16a . We therefore replaced our CIS data with the CASSCF data for the coefficients a 4,4 , b 4,4 , a 16a,16a and b 16a,16a . Incidentally, a similar effect, i.e., negligible binding, occurs in the CASSCF parameter set for the modes 17a and 12 , i.e. adjustments would be needed here if this set is used.
͑2͒ To be consistent with the purely harmonic treatment of the ground state, we kept only the first nonvanishing order of the coupling. Quadratic coupling is only considered if there is no linear coupling. Hence the quadratic on-diagonal coefficients of the totally symmetric modes were set to zero:
The S 2 absorption spectrum should be well reproduced. For this reason we adjusted the linear coupling coefficient b 1 which proved to have a particularly large influence. The value b 1 ϭϪ0.171 was taken, which lies between the MRCI and the CIS values. The effect of this coefficient is discussed in Sec. V B.
Furthermore, we focused on the bilinear off-diagonal coefficients c i, j . Using a 4-mode model ͑cf. Sec. V B͒, their influence on the autocorrelation function ͑without phenomenological damping͒ and the spectrum is rather large. This is, however, not the case when treating all 24 modes, or if a phenomenological damping is included for the 4-mode model. We adjusted one of them, c 10a,6a , to obtain an improved spectrum.
͑4͒ Investigating the CIS data and the MRCI/CASSCF data, we see that the absolute values of the majority of the quadratic and bilinear coefficients are not larger than 0.04 eV. This is not the case for the modes 18b and 14 , for which the quadratic coefficients are about five times larger, and which results in rather steep potentials. The same is partially the case for the corresponding bilinear coupling coefficients. To obtain a balanced treatment with respect to the other modes, we adjusted some of these coefficients by taking the corresponding CASSCF results, for the others we chose reasonable values.
All our adjustments are listed in Table V . An interesting property of the system is now the resulting conical intersection of the PESs, which is a highly dimensional surface. Using the definitions in the Appendix, the conical intersection hypersurface is given for our model by the relations a(Q)ϭb(Q) and c(Q)ϭ0. Of particular interest is the lowest energy of this hypersurface. Our . We see that when going from 4 to 24 modes, only the vibrational mode 8a has a considerable effect, and the other modes are in this context almost negligible. This is in contrast to the model of Krempl et al. where the 20 additional modes all contribute, and lower the minimum energy of the intersection from 0.27 to 0.14 eV. 6, 22 In the 24-mode model, there exists a variety of other intersections of the two PESs involving nontotally symmetric modes, e.g., the modes 4 , 16a , 8b , and 11 . Biconical and other types of intersections are extensively discussed in Refs. 14 and 25. A rather interesting one can be observed for the modes 18b and 19b , for which the PESs are shown in Fig. 1 . The bilinear coupling causes a fairly flat potential for Q 18b ϭϪQ 19b leading to the intersection of the PESs in the diabatic picture. We observed that this feature of the potential is rather important in obtaining a realistic S 2 absorption spectrum.
B. Spectra
As a test for both our model and our new parameter set we calculated the pyrazine S 2 absorption spectrum considering 4 modes together with a strong phenomenological broadening ͑ϭ30 fs, i.e., ⌫ϭ44 meV or ⌬Ϸ2.4 nm, see Sec. IV B͒. We chose the 4 modes corresponding to the calculation of Woyword et al., 4 i.e., the vibronic coupling mode 10a and the 3 totally symmetric modes with the strongest linear coupling parameters, 6a , 1 , and 9a . The result of our calculation is shown in Fig. 2͑b͒ together with the experimental spectrum ͑see Fig. 2͑a͒ . Comparison shows that both spectra agree quite well with the experiment. The spectrum of Woyword et al. is, however, broader than ours, and the peaks at 250 and at 265 nm have different heights. This is mainly an effect of the linear coupling coefficient b 1 which has-as mentioned in Sec. V A-a large influence on the spectrum, and whose value is smaller than the MRCI value. On the contrary, the effects arising from the differences in the values of the other coefficients are comparably small. The conical intersection minimum energy ͑cf. Sec. V A͒ corresponds to a wavelength of 275 nm. We see that the whole range of the S 2 absorption spectrum is essentially influenced by nonadiabatic effects.
The next step was to include some additional modes and to observe their effect on the absorption spectrum. In Fig.  2͑c͒ the results of a calculation considering 12 modes are shown. We chose the above 4 modes together with the modes ͕ 8a , 2 , 4 , 5 , 6b , 3 , 8b , 7b ͖, i.e., we included all modes of g symmetry. Again the experimental spectrum is quite well reproduced, and here a weaker phenomenological broadening was needed ͑ϭ50 fs, i.e., ⌫ϭ26 meV or ⌬Ϸ1.4 nm͒. This shows that the additional modes have a broadening effect on the spectrum. As for the 4-mode model, the conical intersection minimum energy corresponds to a wavelength of 275 nm, i.e., it does not significantly change when including more modes, and we consider this to be an important feature of our model. In contrast to this, strong changes in the conical intersection minimum energy are observed in Ref. 22 where the model of Krempl et al. 6 is investigated.
Finally we considered all 24 modes of the pyrazine mol- . We note that since ϭ150 fs is rather large, oscillations are visible in in the calculated spectrum ͑d͒ which vanish in the other spectra due to the larger phenomenological broadening. The scaling is chosen such that in each figure the integrated intensities of the two corresponding spectra coincide, for further details see the text.
ecule. We observed that the linear coupling coefficient b 1 has a similar influence on the shape of the spectrum as for the 4-mode model. The result of the calculation using our model Hamiltonian can be seen in Fig. 2͑d͒ . Comparison of the calculated spectrum with the experiment shows very good agreement, but the former has more structure at wavelengths of about 270 nm. A possible reason for this may be the limited accuracy of the PESs. An interesting point is the relatively small phenomenological damping ͑ϭ150 fs, i.e. ⌫ϭ9 meV or ⌬Ϸ0.5 nm͒ included for the 24-mode calculation. This reflects a realistic broadening which may be due, for example, to the resolution of the spectrometer and rotational motion. The weak phenomenological damping shows that adding the 20 modes to the original 4-mode model has a strong broadening effect, and that the resultant S 2 absorption spectrum is very dense, as found in the experiment of Yamazaki et al. 1 To illustrate this point further, Fig. 3 shows the spectra obtained from the 4-mode and the 24-mode model without phenomenological broadening. While the former has sharp peaks, the latter is broader and more diffuse. A priori, it is expected that the broadening introduced by the 18 modes which do not couple linearly is inhomogeneous. Since the additional modes influence the spectrum markedly in the absence of a phenomenological broadening ͑see Fig. 3͒ , it seems rather inappropriate to speak of an energy-dependent broadening of individual peaks. Nevertheless, it is interesting to note that the most prominent peaks in the 4-mode spectrum have counterparts-though severely broadened-in the 24-mode spectrum. Furthermore, the smaller sharp peak at 262 nm can be identified nearly unaffected in the 24-mode spectrum. This peak might lead to the shoulder seen in the experimental spectrum ͑see Fig. 2͒ if it is assumed that it is slightly shifted to a smaller wavelength.
C. Technical details
The convergence of a MCTDH calculation is achieved when the addition of more SPFs does not make a significant difference to the property of interest, in this case the spectrum. While this was possible for the 4-and the 12-mode calculations, the computer resources prevented the necessary set of calculations to check the convergence of the 24-mode calculation. The quality of this calculation can, however, be demonstrated by comparing the calculation, which had 2 771 440 configurations, with a smaller calculation with 502 200 configurations.
In Fig. 4͑a͒ the absolute values of the autocorrelation functions of the two 24-mode calculations are shown ͑with-out phenomenological damping͒. From Fig. 4͑b͒ , we see that the difference between the two functions strongly oscillates. Taking the maxima of the oscillations, the curve first grows with increasing propagation time and then reaches a plateau at about 100 fs. The change in the spectrum arising from these differences ͑including now a phenomenological damping, ϭ150 fs͒ is shown in Fig. 5 . We see that the spectrum is less sensitive than the autocorrelation function, and, concerning the shape of the spectra, already the small calculation gives good results, but the structure differs slightly. We conclude that the spectra in Fig. 2 are well converged, and that the remaining small differences between the calculated spectrum of the 24-mode model and the experiment are mainly due to the limitations of our model.
Finally we want to emphasize the comparably small computational effort required for the calculations. The 4-mode and the 12-mode calculations were performed on an IBM RS/6000 power2 workstation, while the 24-mode calculations were done on a CRAY T90 vector computer. The 4-mode calculation needed 16 Mbytes of memory and 20 min, the 12-mode calculation 45 Mbytes and 10 h, the small 24-mode calculation 205 Mbytes and 100 h, and the large 24-mode calculation 650 Mbytes and 485 h. The propagation time was always 150 fs ͑i.e., the autocorrelation function is known up to 300 fs͒, further details are given in Table VI . To illustrate the complexity of the 24-mode calculations, we have plotted in Fig. 6 an estimate of the number of open states. Although we expect that only a small fraction are accessible during the wave function propagation, the number of physically relevant states is still huge. Nevertheless, the effort to achieve accurate results for a 24-mode calculation is acceptable, which demonstrates the power of the MCTDH method. 
VI. SUMMARY AND CONCLUSIONS
In this article, we have investigated the molecular dynamics of pyrazine after excitation to the S 2 electronic state. The model Hamiltonian of Stock et al. 5 was extended expanding the potential energy in the diabatic electronic basis up to second order for both the on-diagonal and the offdiagonal terms, and taking into account the symmetries of all 24 vibrational modes. We then determined the expansion coefficients at the CIS level of theory. This was necessary as calculations had never been performed for the bilinear offdiagonal coefficients, c i, j , and an internal consistency of all parameters was sought. The resulting coefficients proved to be of good accuracy. We made, however, some adjustments to obtain a realistic description of the pyrazine molecule. The model contains a highly dimensional conical intersection which essentially influences the dynamics after excitation to the S 2 electronic state. The next step was the treatment of the molecular dynamics using the S 2 absorption spectrum as a benchmark. Since the latter is rather broad, time-dependent methods are wellsuited for its calculation. A highly efficient way is provided by the MCTDH method, and in fact we cannot imagine that any other existing wave function method allows the treatment of the full 24-mode model Hamiltonian of pyrazine accurately with acceptable computational effort. We first performed a calculation including 4 modes, and compared it with the corresponding result of Woyword et al. The results show that the two spectra are reasonable, but ours is slightly narrower. We then considered more modes, first 12 and then all 24 modes. Their shapes agree well with the experiment, especially that from the 24-mode calculation. The spectra show that adding modes has a broadening effect, i.e., the need for a strong phenomenological broadening of ϭ30 fs in the 4-mode model is reduced to ϭ50 fs in the 12-mode model, and to ϭ150 fs in the full 24-mode model. We see that the S 2 absorption spectrum is rather dense, in agreement with the experimental results of Yamazaki et al. 1 An important point is the comparison of our results with earlier calculations 6 ͑cf. Sec. II͒ where the 4-mode model was extended by a simple 20-mode oscillator bath. This extended model was suggested since the essential features of the S 2 absorption spectrum can be reproduced by the isolated 4-mode model together with a strong artificial broadening. This was rationalized as the effect of the 20 remaining modes, and it seems that they influence the dynamics like a weakly coupled heat bath. The comparison of our results with those of Krempl et al., 6 however, shows that essential physical features like symmetries have to be considered if one wants to achieve a realistic treatment of the molecular dynamics of pyrazine, and a simple bath model is not appropriate. 
APPENDIX: DETERMINATION OF THE DIABATIC POTENTIALS
The adiabatic PESs, v 1 (Q) and v 2 (Q), for the first and the second excited states, S 1 and S 2 , are the eigenvalues of the diabatic potential energy matrix
A Taylor expansion of the corresponding adiabatic potentials yields
where 2⌬ is the difference of the state energies at the ground-state equilibrium ͓cf. Eq. ͑1͔͒. The expansion of the diabatic potentials is restricted to second order:
